The receptive field of a sensory neuron spells out all the receptor inputs it receives. To understand a neuron's role in the circuit, one also needs to know its projective field, namely the outputs it sends to all downstream cells. Here we present the projective fields of the primary excitatory neurons in a sensory circuit. We stimulated single bipolar cells of the salamander retina and recorded simultaneously from a population of ganglion cells. Individual bipolar cell signals diverge through polysynaptic pathways into ganglion cells of many different types and over surprisingly large distance. However, the strength and polarity of the projection depend on the cell types involved. Furthermore, visual stimulation strongly modulates the bipolar cell projective field, in opposite direction for different cell types. In this way, the context from distant parts of the visual field can control the routing of signals in the inner retina.
INTRODUCTION
The retina has two synaptic layers to encode visual stimuli into a series of spike trains (Masland, 2012) . First, in the outer retina, photoreceptors convert light into electrical signals and send them to bipolar cells. Horizontal cells apply a level of gain control and lateral inhibition at this synaptic layer (Wu, 1994) . Second, in the inner retina, bipolar cells transmit the signals to ganglion cells, modified by intricate interactions with amacrine cells (Baccus, 2007) . The ganglion cell population comprises many distinct types and each type's visual response properties are thought to derive from a specific combination of bipolar and amacrine cell signals (Vaney et al., 2012) . The diversity of these interactions in the inner retina is one of the least understood aspects of retinal processing.
As in other sensory systems, a central tool in studying circuitry of the retina has been the measurement of receptive fields. A neuron's receptive field spells out how its visual responses arise from the convergence of receptor signals. By comparing receptive fields of neurons along the processing chain, one gains insight into how the circuit is structured (Gollisch and Meister, 2010; Roska and Werblin, 2001) . For a more complete assessment of circuit function, it would be useful also to know the neuron's ''projective field,'' namely how its signals diverge to all downstream partners (Lehky and Sejnowski, 1988) . Recent advances in experimental methods made it possible to measure the impact of a single retinal neuron on many of its projection targets (Asari and Meister, 2012; Baccus et al., 2008; Field et al., 2010) , which enables a complete projective field analysis (de Vries et al., 2011; Doi et al., 2012) . Here we measure the projective fields of the principal excitatory neurons in a sensory pathway.
By simultaneously recording from multiple ganglion cells while controlling the activity of individual bipolar cells intracellularly, we explored how bipolar cells distribute their signals to the subsequent ganglion cell population in the salamander retina. This signal flow is subject to some clear anatomical constraints: many bipolar cell types have axon terminals only at specific laminae of the inner plexiform layer (Pang et al., 2004; Wä ssle et al., 2009; Wu et al., 2000) , and similarly many ganglion cell types show lamina-specific dendritic arborizations (Masland, 2012; Siegert et al., 2009; Toris et al., 1995; Vö lgyi et al., 2009) . Therefore, direct synaptic connections should be limited to only certain pairings of cell types. However, the full projective field includes polysynaptic connections as well. We will show that this leads to considerably broader spread of bipolar cell signals than expected from laminar connectivity alone, both regarding the cell types involved and the spatial extent of signal flow. Furthermore, the projective field of a given bipolar cell can be modulated profoundly by distant visual stimuli that are outside its receptive field.
RESULTS
Bipolar cells occupy a special place in retinal circuitry: they are the only link from the outer retina to the inner retina. How does the signal of a given bipolar cell diverge into the population of ganglion cells at the output of the retina? To address this question, we manipulated the membrane potential of an individual bipolar cell intracellularly and simultaneously recorded the spiking activity of many nearby ganglion cells in the isolated salamander retina. The goal was to observe the influence of one bipolar cell on all the retina's output neurons, involving not only direct synaptic connections but the entire circuit of the inner retina. Following prior usage, we term this the ''projective field,'' and we will refer to the influence of a bipolar cell on a specific ganglion cellwhich may be polysynaptic-as its ''projection'' to that neuron. Because the intracellular recordings in the inner nuclear layer were performed blind, we also encountered a good number of amacrine cells and subjected them to the same analysis. These results will serve as useful reference points for some of the following sections.
Depolarization or hyperpolarization of a bipolar cell frequently produced changes in spiking of ganglion cells (Figure 1 ). In most cases, ganglion cell spikes were evoked when a bipolar cell was depolarized from the resting potential ( Figure 1E ) or returned from hyperpolarization to the resting potential, indicating a sign-preserving projection between the two neurons. Less frequently, we observed sign-inverting projections, where the ganglion cell fired on hyperpolarization of the bipolar cell (Figure 1F) . These must be mediated by inhibitory amacrine cells, because direct synaptic transmission from bipolar cells is excitatory (Masland, 2012) , even though some bipolar cells express the transmitter g-aminobutyric acid (GABA) along with glutamate (Yang and Wang, 1999) . It is reassuring that these methods of pairwise recording of bipolar and ganglion cells reveal not only direct synaptic connections but also indirect effects that pass through amacrine cell circuits.
In this study, we begin by analyzing the general properties of the bipolar cell projective field, such as its spatial profile and dynamics. With pharmacological tools, we assess the contribution of intervening circuitry to the spatial extent of the projective field, including amacrine cell inhibitory networks and gap junction electrical networks. In the second part, we classify the bipolar and ganglion cells into distinct response types and determine more specifically how the projections are constrained by the identities of source and target neuron. Finally, we investigate how the bipolar cell projective field changes depending on the context from visual stimulation.
Bipolar Cells Have Large Projective Fields
To map the bipolar cell projective field, we first measured the distance and the projection strength for each recorded pair of bipolar and ganglion cells. Specifically, the distance between the cells was taken as the separation between their receptive field centers (obtained from white-noise analysis; e.g., Figures  1A-1D ). The projection strength was calculated as the difference of the ganglion cell firing rates in response to bipolar cell depolarization and hyperpolarization, normalized by the pooled SD across trials (Equation 2; e.g., Figures 1E and 1F) . In each case, we evaluated whether the projection was statistically different from zero.
The resulting projective field of bipolar cells showed several prominent features (Figures 2 and 3) . First, the projection strength could have different signs and values even at the same distance. Thus, the same bipolar cell sent both sign-preserving and sign-inverting signals to different ganglion cells (Figure 2A ). In general, however, sign-preserving projections from bipolar cells dominated in our data set ( Figure 3A-3D) , regardless of the baseline ganglion cell firing properties (Figure S1 available online) . By contrast, amacrine cells primarily showed sign-inverting projections to ganglion cells , as expected from their roles as inhibitory interneurons. Thus, the paucity of sign-inverting projections from bipolar cells is not due to any difficulty in detecting ganglion cell inhibition; instead, it seems that monosynaptic connections are simply easier to detect than disynaptic projections that require the excitation of an intervening interneuron.
Second, the bipolar projective field is sparse, meaning that at any given distance only a fraction of ganglion cells receive a significant projection. For sign-preserving projections, the probability was $50% for an immediately adjacent ganglion cell and decayed strongly with increasing distance ( Figure 3B ). For sign-inverting projections, the probability was more than 10-fold lower ( Figure 3B ). By contrast, amacrine cells had frequent sign-inverting projections to ganglion cells, again with a strong distance dependence ( Figure 3F) .
Third, the projections involved significant dynamics. After the onset of a current pulse into the bipolar cell, the ganglion cell firing rate generally rose to a peak and then declined again (Figure 1E) . We summarized the time dependence by measuring the latency of the peak. This peak latency varied dramatically across different projections, from $10 ms to $1 s ( Figures 3C and 3D ). One might expect that a weaker projection would have a longer latency, because it may take longer to depolarize the target neuron, but this was not the case: even at the same projection strength one found all possible latencies ( Figure 3D ). There was a small increase of latency with projection distance (Figure 3C ), but again this correlation accounted for only a fraction of the range. We conclude that bipolar cells drive ganglion cells with a wide variety of dynamics (Asari and Meister, 2012) . Finally, the bipolar cell projections covered a surprisingly large distance. Averaging over the wide variation in projection strength even to adjacent ganglion cells, one can approximate the projection with a Gaussian profile (Figure 2A; Equation S3 ). These profiles ranged in diameter from 100 mm to more than 1 mm, with an average of 0.42 mm ( Figures 2C and 2D ). This was considerably larger than the bipolar cell receptive field diameter of 0.16 mm. It appears therefore that lateral signal flow extends considerably farther in the inner retina (from bipolar cells) than in the outer retina (to bipolar cells). In the following section, we will consider the circuits underlying this lateral distribution. bipolar cell axonic field and ganglion cell dendritic field is about 0.35 mm (Pang et al., 2004; Wu et al., 2000; Wu, 2009, 2010) . Polysynaptic pathways must be involved, such as those through electrical synapses (Cook and Becker, 1995; WongRiley, 1974) or disinhibitory effects via serial connections of amacrine cells (Eggers and Lukasiewicz, 2010; Manookin et al., 2008) . Here we took a pharmacological approach to examine how inner retinal circuits contribute to the bipolar cell projective field (Figures 4 and S2) .
We first blocked GABA and glycine transmission by applying 100 mM picrotoxin and 1.0 mM strychnine. This generally leads to an increase in the size of the ganglion cell receptive field (Cook and McReynolds, 1998) but does not substantially affect the bipolar cell receptive field in the salamander retina Owen, 1990, 1996) . Thus, these inhibitory transmission blockers work mainly on the inner retina (amacrine cells) but not on the outer retina (horizontal cells). Indeed, we found that they greatly suppressed the projection strength between amacrine cells and ganglion cells ( Figure 4B ). In contrast, we found a strong increase in the projection strength between bipolar cells and ganglion cells . Many ganglion cells revealed responses to bipolar cell depolarization only after the loss of inhibition ( Figure 4C ), and no ganglion cells responded to bipolar cell hyperpolarization after the drug application. Little change was found, however, in the spatial extent of the sign-preserving signals from bipolar cells: even with inhibitory circuits blocked, the influence of bipolar cells extended over 1 mm ( Figure 4C ). On average, it appears that amacrine cells contribute to the projection strength but not to the spatial extent of the bipolar cell projective field. Specifically, we conclude that disinhibition via serial connections of amacrine cells (Eggers and Lukasiewicz, 2010; Manookin et al., 2008) does not account for long-range sign-preserving projections ( Figure 3) .
We next applied 100 mM meclofenamic acid to block gap junctions (Zhang and Wu, 2009 ). This drug produced a significant decrease of the bipolar cell projection strength and a loss of the most distant projections ( Figure 4F ). In contrast, the drug application had, on average, little effect on the projection strength of amacrine cells ( Figure 4E ). Although a change in projection strength cannot be distinguished strictly from a change in range, these results suggest that the signals from bipolar cells are distributed not only vertically by direct excitation of ganglion cells but also laterally through gap junction networks (Cook and Becker, 1995; Wong-Riley, 1974) . In principle, this could occur through electrical coupling among bipolar cells (Arai et al., 2010) or among ganglion cells or amacrine cells (Vaney, 1991) . As elaborated below, OFF bipolar cells systematically had broader projections than ON bipolar cells, regardless of the target ganglion cell type ( Figure 6A ). Combined with evidence that OFF bipolar cells are more strongly coupled (Zhang and Wu, 2009) , this favors an interpretation that invokes lateral signal spread among bipolar cells. No significant sign-inverting projections were found in this data set. Wu et al., 2000) , whose axonal arbors stratify at different levels of the inner plexiform layer. Because the dendrites of many ganglion cells are similarly stratified (Roska and Werblin, 2001; Masland, 2012) , one expects that different bipolar cell types have different projective fields and that those projective fields should be selective for specific ganglion cell types. In the present experiments, the need for simultaneous recording prohibited a morphological analysis of each target cell. Instead, we classified the neurons based on their physiological properties, namely the characteristics of their visual responses. We then analyzed how the projective field depends on the identities of the source bipolar and target ganglion cell. Specifically, we examined the following properties at the population level: the projection density, namely the probability of observing a projection between two types; the strength of the projection; and its spatial extent ( Figures 5, 6 , S3, and S4).
All-to-All Projections between Bipolar and Ganglion Cell
We first sorted both bipolar and ganglion cells into four subgroups each, based on the polarity and kinetics of their visual responses ( Figure S3 ). At the most basic level, we found significant projections for almost every combination of bipolar and ganglion cell type ( Figures 5A and 5B ). Some functional types appeared more frequently in these recordings than others; in particular, the ON cell types are comparatively rare for both bipolar and ganglion cells in the salamander retina (Segev et al., 2006; Vallerga and Usai, 1986) . Nonetheless, we observed significant projections for all pairings of cell types except from slow ON bipolar cells to ON ganglion cells.
To examine finer projection patterns between bipolar cells and ganglion cells, we subdivided each of the cell types ( Figure S3 ) based on the receptive field sizes, direction selectivity (Vaney et al., 2012) , or object motion sensitivity (Ö lveczky et al., 2003; Baccus et al., 2008) . Here we omitted ON cell types from the analysis due to scarcity of data. All-to-all projection patterns were found even after such finer cell-type classification ( Figures  5C-5E ). These observations reinforce prior findings of substantial crosstalk among bipolar cell signals (McGuire et al., 1986; Pang et al., 2007; Werblin, 2010) , at least in the amphibian retina.
Cell-type-Specific Projective Fields
On the background of this all-to-all connectivity, one can observe clear cell-type-specific features in the projective field. First, OFF bipolar cell types generally had denser and more far-reaching projections than ON types ( Figure 6A ). Long-distance projections were almost exclusively from OFF bipolar cells ( Figure 6A ). Furthermore, not only the density but also the strength of projections was greater for OFF than for ON bipolar cell types ( Figure S4A ). Among the bipolar types we defined, fast OFF cells had by far the densest and strongest projective fields. At the other end of the range, fast ON cells had the weakest projections.
Second, focusing on the sign-inverting projections, these were observed much more frequently for fast bipolar cell types than for slow types ( Figure 6B ). This arrangement has a possible significance for circuit function: the responses of ganglion cells often rely intimately on the temporal coincidence of excitatory and inhibitory signals (Mü nch et al., 2009 ). Yet the inhibitory signals must pass through one additional interneuron, which entails a time delay. That time delay could be compensated if the bipolar cells driving the inhibitory pathway have shorter response latency. The present results show that this is indeed a systematic feature of bipolar cell projections.
Third, the balance of sign-preserving and sign-inverting projections depended strongly on the response polarity of the bipolar and ganglion cells involved. Although the average strength of bipolar projections was generally sign-preserving (Figure 5 ), on a case-by-case basis we found both sign-preserving and sign-inverting projections. When bipolar and ganglion cell had the same visual response polarity, sign-preserving connections were more frequent; when they had opposite polarity, sign-inverting projections were more frequent ( Figure 6C ). Thus, bipolar cells exert both an excitatory ''push'' and an inhibitory ''pull'' on different types of ganglion cells, depending on their response polarity. This process, also termed ''crossover inhibition'' (Werblin, 2010) , had previously been observed only from the ganglion cell side. The present observations show that the same bipolar cell type can participate in both push and pull. Finally, the object motion-sensitive (OMS) ganglion cells in the population received a more restricted set of bipolar projections than non-OMS cells ( Figures  6D and S3J) . Specifically, the OMS ganglion cells draw their inputs mainly from fast OFF bipolar cells. Note that this arrangement confirms a prediction derived previously from a computational model of the OMS response (Baccus et al., 2008) .
Modulation of the Projective Field by Visual Context
The receptive fields of visual neurons are not static response parameters but vary depending on visual context. For example, the receptive field profile of a bipolar cell changes substantially depending on the adapting light level (Werblin, 1970) . Similarly, it is important to test whether the projective field of the bipolar cell changes in the context of visual stimulation, as compared to the dark state. One can envision several mechanisms for this. First, consider the recipient ganglion cell. Under a global dynamic visual stimulus, the ganglion cell will receive excitation and inhibition from many interneurons. This will increase the synaptic conductance in the dendritic tree and thus reduce the influence of each additional synaptic input. Thus, one expects a general reduction in the projection strength from any given bipolar cell when the ganglion cells are driven by a visual stimulus. Second, the synaptic transmission from bipolar to ganglion cells is under control of inhibitory synapses from amacrine cells at the bipolar terminal (Dong and Werblin, 1998; Nirenberg and Meister, 1997; Tachibana and Kaneko, 1988) . If those amacrine cells are visually driven, one expects a modulation of the projection strength. We performed two kinds of experiments to test for such effects.
First, we exposed the retina to uniform illumination over the whole field, flickering randomly in time. This stimulated firing in the entire ganglion cell population. As before, we injected current into a single bipolar cell and monitored changes in ganglion cell firing that were time locked to the current injections. The resulting projective field was compared to the projective field measured previously in darkness. This stimulus led to a massive decrease in the strength of projections from bipolar cells ( Figures  7A and S5A-S5C) , independent of the changes in ganglion cell firing properties driven by the visual stimulation ( Figures  S5D and S5E) . The probability of sign-preserving projections decreased several-fold, and the most distant projections became undetectable ( Figure 7B ). For every combination of cell types within the bipolar and ganglion cell populations, the mean effect was a weakening of the projection strength ( Figures  7D, S5B , and S5C). However, projections from slow bipolar cell types were much less affected than from fast types ( Figures 7C,  7D , and S5B). Some individual cell pairs even experienced a moderate strengthening ( Figures 7A, 7C, and S5A) .
In a complementary experiment, we stimulated an annulus distant from the recording site, using a randomly moving grating. This stimulus did not affect the baseline activity of neurons in the central area-including the source bipolar cell and target ganglion cells nearby-but it did drive neurons in the periphery (Asari and Meister, 2012; Baccus et al., 2008; Geffen et al., 2007; Ö lveczky et al., 2003) . The resulting effects were more subtle and diverse than under the global stimulus: about 25% of the bipolar cell projections were suppressed, $10% were enhanced, and the rest remained unaffected ( Figures 7E, S5F , and S5H-S5J). The density of projections declined somewhat, but independent of distance ( Figure S5H ), leaving the spatial range of the projective field unchanged ( Figure 7F ). On average, the bipolar cell projective field became weaker and sparser for both sign-preserving and -inverting projections ( Figure 7F ).
Closer examination showed that these effects differed systematically across cell types ( Figures 7G, 7H , and S5G). For example, the projections from fast OFF bipolar cells were uniformly suppressed, regardless of the target ganglion cell types. By contrast, the projections from slow OFF bipolar cells were enhanced toward ON/OFF ganglion cells but suppressed toward the other ganglion cell types ( Figures 7G, 7H, and S5G ). This bipolar cell type thus forms a switching circuit that selectively Figure 3B ). (C) Effects of visual stimulation on the projection strength among different pairs of bipolar and ganglion cell types (displayed as in Figure 5B ). The square size represents the number of cell pairs with significant projection in at least one condition. Grayscale indicates the fraction of cell pairs whose projection strength significantly increased (top left) or decreased (bottom right). Projections from fast bipolar cell types were affected more frequently than from slow types (p < 0.001).
(D) Mean change in the projection strength among distinct pairs of bipolar and ganglion cell types (red hue, positive; blue hue, negative; displayed as in Figure 5B ). The visual stimulation suppressed projections from fast bipolar cell types more strongly than from slow types (p < 0.001).
(E-H) Cell-type-specific modulation of the bipolar cell projective field by visual stimulation in a distant annulus (n = 27 bipolar cells and 1,309 ganglion cells; displayed as in A-D). The distant visual stimulus enhanced some projections and suppressed others (E). Specifically, signals from slow OFF bipolar cells to ON/OFF ganglion cells were enhanced (G; p < 0.001), while those to OFF ganglion cells were suppressed (p < 0.01). In contrast, signals from fast OFF bipolar cells were suppressed more frequently than enhanced regardless of the target ganglion cell types (p < 0.001). Note the distinct modulation patterns of the bipolar cell projective field by the two different visual stimuli (e.g., p < 0.001 for slow OFF bipolar cell projections to ON/OFF ganglion cells; D versus H).
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feeds the signals into distinct ganglion cell types under different conditions (Asari and Meister, 2012; Geffen et al., 2007) . In turn, this means that the ON/OFF ganglion cell type received a very different mix of bipolar input signals depending on the context of peripheral visual stimulation. These effects may well originate in the interactions with wide-field amacrine cells (Cook and McReynolds, 1998; Geffen et al., 2007; Ö lveczky et al., 2003) . It appears therefore that the projective field of bipolar cells, like their receptive field, is a dynamic entity, under considerable influence by the context of visual stimulation.
DISCUSSION
In the retina, bipolar cells form the intermediate layer of units interposed between the input neurons and the output neurons. Signals from the photoreceptors converge on a bipolar cell, modulated by the horizontal cell network. From there, the bipolar cell signal diverges to the ganglion cells, modulated by amacrine cell circuits. The convergence of signals from photoreceptors has been documented in great detail, by measuring the bipolar cell receptive field (Fahey and Burkhardt, 2003; Hare and Owen, 1990) . By contrast, we aimed at comprehensively addressing the divergence of signals from bipolar to ganglion cells, by measuring the bipolar cell projective field. Asari and Meister (2012) reported that individual bipolar cells in the salamander retina could evoke distinct responses among ganglion cells, differing in kinetics, adaptation, and rectification properties. The present study gives a comprehensive picture of this signal divergence across the populations of both bipolar and ganglion cells and identifies some systematic rules governing the projections. The major findings are as follows. (1) Signals from individual bipolar cells can spread far into the ganglion cell layer, at least in the quiescent retina without a visual stimulus (Figures 2 and 3) . Electrical junctions are partly responsible for this lateral spread (Figure 4) . (2) Each functional type of bipolar cell interacts with many different types of ganglion cells (Figure 5) . However, the nature of the projection depends substantially on the cell types involved (Figure 6 ). In particular, cells of opposite response polarity more frequently have projections that are sign-inverting. (3) Fast OFF bipolar cells play a special role: their projections are considerably denser, stronger, and farther reaching than those of other bipolar cell types ( Figure 6 ). (4) Visual stimulation leads to marked changes in the bipolar cell projective field. In general, the influence of individual bipolar cells tends to weaken and shrink in space. However, peripheral motion stimuli also strengthen select projections depending on cell type (Figure 7) . In Figure 8 , we propose a set of schematics for retinal circuitry that can account for these observations and serves as working models for the underlying mechanisms. In the following, we consider some caveats associated with this approach and interpret the results.
The Relation between Receptive and Projective Fields
The projective field can be understood in close analogy to the more familiar receptive field concept. For example, the receptive field Rð x ! ; tÞ of a bipolar cell spells out what is the response of the neuron at time t after a brief light flash at location x ! . The projective field Pð y ! ; tÞ spells out what is the response of a ganglion cell at location y ! and time t following a current pulse into the bipolar cell. In the present work, our analysis focused on the spatial profile and the cell-type dependence of the projective field. As regards the temporal dependence, we did observe a wide range of dynamics (Figures 3 and S4) , and this topic is discussed further elsewhere (Asari and Meister, 2012) . Since bipolar cells are obligatory interneurons between photoreceptors and ganglion cells, one can view the overall retinal computation as a concatenation of signal convergence onto bipolar cells followed by signal divergence from bipolar cells. If the entire system were linear, one could compute the receptive field of a ganglion cell by simply convolving the receptive and projective fields of bipolar cells:
Here R G ð x ! Þ is the ganglion cell receptive field, R B ð x ! Þ is a bipolar cell receptive field, P B ð y ! Þ the bipolar cell projective field, and the sum is over all intervening bipolar cells located at positions y ! . Since we measured all the objects in this equation directly (Figure 1 ), we can test this prediction. Interestingly, it comes out wrong by a good margin: the predicted ganglion cell receptive field, at least for the average case, is much too large ( Figures 2D and 2E ). Vice versa, if one starts from the measured ganglion cell receptive fields, the inferred bipolar cell projective field is too small. Clearly the overall function of the retina cannot be treated as a linear system from light to ganglion cell firing. And the nonlinearities seem to effectively shrink the range of influence of a bipolar cell compared to the projective field. Two such effects can be identified already. First, our projective fields were measured primarily in the dark or under constant uniform illumination (Figures 1 and 6) . In that case, the retina is quiet like a smooth pond, which improves the chances of resolving the ripples caused by a single bipolar cell. However, when measuring ganglion cell receptive fields by white-noise analysis, for example, the stimulus is dynamic and the retina becomes active. We found that under visual stimulation the projective field can weaken substantially, and longrange connections are lost (Figure 7) . Thus, it is likely that under conditions needed for the receptive field measurement, the bipolar cell projective fields are smaller than we measured in darkness. Indeed, ganglion cell receptive fields measured in the dark with a spot stimulus are generally larger than those measured by a randomly flickering stimulus (Segev et al., 2006; Zhang and Wu, 2010) .
Second, the bipolar cell projective field has an antagonistic surround-with sign-inverting projections at long distancesbut the surround may be underestimated by the present methods. If the surround is indeed stronger than presently supposed, then the above convolution will predict a smaller ganglion cell receptive field, closer to the observations. What is the evidence for the surround, and why is it underestimated? We found that sign-preserving projections are most frequent at zero radial distance to the ganglion cell and then decline monotonically with distance. By contrast, the sign-inverting projections are most frequent at $150 mm distance and then decline more gently (Figure 3B) . At a certain radius, one thus expects the sign-inverting projections to dominate, but this has been difficult to verify directly. Such a projection must of course pass through an intermediary amacrine cell and that amacrine must be brought to threshold for synaptic transmission by input from the single bipolar cell with current injection. We expect that many such negative projections have remained undetected owing to the nonlinearities of synaptic transmission to and from amacrine cells.
In measuring receptive fields, one encounters a closely related issue. Many retinal ganglion cells have an antagonistic surround in the receptive field. The surround is generally much weaker per unit area than the center, presumably again because the signal must pass through inhibitory interneurons (Croner and Kaplan, 1995) . It may be hard to resolve the surround at all if one uses the same small flashes that serve to probe the receptive field center (Chichilnisky and Kalmar, 2002; Pitkow and Meister, 2012) . Instead, a popular stimulus to reveal the surround is an annulus that covers a large area at a given distance from the ganglion cell (Cook and McReynolds, 1998; Zhang and Wu, 2010) . The corresponding trick in a projective field measurement would be to place a wide annulus of electrodes in a ring surrounding the stimulated bipolar cell, and the average over this large number of projections could more properly resolve weak effects. Whereas this would require custom device manufacturing, the goal may be more readily achieved by large field optical recordings of ganglion cell activity (Briggman and Euler, 2011) surrounding a stimulated bipolar cell.
The Special Role of OFF-type Projections
In most vertebrate retinas, the OFF pathway is stronger than the ON pathway. Within the ganglion cell population, OFF-type cells are more numerous and tend to have smaller receptive fields (Vallerga and Usai, 1986; Segev et al., 2006; Balasubramanian and Sterling, 2009) . Even the individual ON/OFF ganglion cells of the salamander retina show a clear bias toward OFF responses (Burkhardt et al., 1998; Geffen et al., 2007) . Various explanations have been invoked for this asymmetry. One argument relies on the efficient encoding of natural scenes, which contain more regions of negative than of positive contrast (Balasubramanian and Sterling, 2009 ). Other lines of reasoning invoke behavioral needs of the animal. For example, salamanders have a strong preference for dark hiding spots (Himstedt, 1967; Roth, 1987) . In any case, one is led to wonder where in the retinal circuit this imbalance arises.
Already at the level of bipolar cells, the OFF-type neurons predominate. In the present electrophysiological survey of the salamander retina, we also found a clear excess of OFF bipolar cells (84%), in line with earlier reports (Hare and Owen, 1990; Zhang and Wu, 2009 ). However, we also discovered a new contribution: the individual OFF bipolar cell is much more effective in driving ganglion cells than an ON bipolar cell (Figures 5, 6, and S4) . In particular, the fast OFF bipolar cells-the group with the fastest light responses-systematically had the strongest projections onto ganglion cells. We also showed that electrical connections enhance both the strength and the density of bipolar projections (Figure 4 ). This may well contribute to the dominance of the OFF pathway, because OFF bipolar cells are coupled more strongly than ON bipolar cells (Zhang and Wu, 2009 ).
Modulation of the Projective Field by Visual Context
One striking feature of the projective fields that we measured was that each bipolar cell type projected to every ganglion cell type, except for one case in which insufficient data were available for a test ( Figure 5 ). As a caveat, it should be noted that we used a purely physiological definition of cell types, and the visual response properties in the salamander retina tend to show a continuum rather than distinct clusters (Segev et al., 2006) . While it is possible that a finer type of definition would reveal more specific projections, the cell pairs with a significant projection strength were distributed broadly all over the space of visual responses ( Figure 5A ). This broad distribution of bipolar cell signals is a reflection of the anatomical convergence of multiple bipolar cell types onto individual ganglion cells (McGuire et al., 1986) , and the substantial crossover connections of multiple amacrine cell pathways (Pang et al., 2007; Werblin, 2010) . In the amphibian retina, the inner plexiform layer is less strictly laminated than in the mammalian retina (Toris et al., 1995) . This further enables divergence and convergence of bipolar cell signals.
However, the projective field is not a static entity but depends considerably on the state of the retina. The broad projective field measured in darkness sharpened considerably once the retina became visually active (Figure 7) . Local stimuli that directly activate the target ganglion cells generally weaken the projective field of any given bipolar cell and restrict its spatial extent. This can be understood by a shunting of the postsynaptic excitatory conductances: once the glutamate from active bipolar cells opens dendritic conductances on ganglion or amacrine cells, every incremental synaptic current causes a smaller depolarization. Further attenuation of the projective field may come from presynaptic desensitization of the visually driven bipolar cell itself (Burrone and Lagnado, 2000; Singer and Diamond, 2006) .
By contrast, stimulation of distant regions of the retina has more varied and specific effects on the projective field. Some projections are strengthened and others weakened (Figure 7) . Because of the lateral distances involved, the effects of peripheral stimulation must be transmitted by inhibitory amacrine cells rather than direct excitatory connections. Thus, the enhancement of certain projections is likely the result of disinhibition of a neuron normally under tonic inhibition (Eggers and Lukasiewicz, 2010; Geffen et al., 2007; Manookin et al., 2008; Roska et al., 1998) . Furthermore, note that these enhancements are specific to certain bipolar cell types and ganglion cell types. For example, the same ON/OFF ganglion cell may receive a strengthened input from slow OFF bipolar cells but a weakened input from fast OFF bipolar cells. This indicates that the modulation is not applied to the entire presynaptic or postsynaptic neuron but acts specifically on their synaptic connections (Asari and Meister, 2012) . Presynaptic disinhibition of a bipolar cell terminal would satisfy these requirements.
In this way, amacrine cell circuits can selectively route information through the inner retina, depending on the context from visual stimulation elsewhere. The full import of such signal switching for retinal computations remains to be understood, and it would be illuminating to observe it under stimuli that occur naturally. Also a deeper exploration of the underlying mechanisms, testing some of the models in Figure 8 , will benefit from direct activation of select amacrine cell types (Geffen et al., 2007) , perhaps also by optogenetic methods. Such studies gain in importance because responses in higher visual centers are very commonly modulated by stimulation of the ''nonclassical'' receptive field (Haider et al., 2010; Vinje and Gallant, 2002) , and the retinal component of such effects is still poorly defined.
EXPERIMENTAL PROCEDURES
See Supplemental Experimental Procedures for details. The significance level is 0.05 in all analyses unless noted otherwise.
Electrophysiology
Simultaneous intracellular and multielectrode recordings were performed as described previously (Asari and Meister, 2012) , following protocols approved by the Institutional Animal Care and Use Committee at Harvard University. Square pulse currents (±500 pA; 1 s each with 2 s intervals) were injected intracellularly into bipolar cells (or amacrine cells) to probe their projections to ganglion cells (see Figure 1 for example).
Receptive Field Analysis
The spatiotemporal receptive fields of the recorded cells (0.4 s window; 0.01 s bin width) were estimated by reverse-correlation methods using randomly flickering checkerboard stimuli (20-100 mm square fields; 100 frames/s; Meister et al., 1994) . The spatial profile was characterized by the Gaussian curve fit at the peak latency (see Figures 1A-1D for example) , and the distance between cells was measured from their receptive field centers. The size of the receptive field diameter was calculated as twice the mean SD of the long and short axes ( Figures 2C and 2D) . The temporal profile was examined at the receptive field center for cell-type classification ( Figure S3 ).
Cell-type Classification
Bipolar cells and ganglion cells were physiologically classified into four types each, based on the polarity and kinetics of their visual responses (Geffen et al., 2009) . Each cell type was further subdivided by the receptive field size ( Figures  5, 6 , and S3). Ganglion cells were classified in the same fashion and sorted further by direction selectivity (estimated from the spatiotemporal receptive field by Fourier analysis; Equation S1) or object motion sensitivity (measured from the visual responses to center and surround grating stimuli shifted synchronously or asynchronously; Equation S2; Ö lveczky et al., 2003; Baccus et al., 2008) .
Projection Strength and Kinetics
For each pair of a bipolar (or amacrine) cell and a ganglion cell, we computed the strength and kinetics of the projection as described previously (Asari and Meister, 2012) . Briefly, we first measured the average firing rates across trials for the 1 s periods of bipolar (or amacrine) cell depolarization and hyperpolarization: r dep and r hyp , respectively. The projection strength was defined as the difference of those evoked firing rates, normalized by the magnitude of unrelated changes in the ganglion cell firing rate:
Projection strength = Net evoked firing rate Pooled standard deviation Here s dep and s hyp are the SD of the ganglion cell firing rates across trials of bipolar (or amacrine) cell depolarization and hyperpolarization, respectively. This normalization yields a dimensionless number that reflects the relative importance of the response in the target neuron and allows one to compare the projection strength across cell pairs and under different conditions. Several control analyses tested whether the projection strength is affected by changes in the normalization ( Figures S1, S2 , and S5).
The projection kinetics were characterized by the latency to the peak firing rate evoked by the current injection (Equation S4; Figures 3 and S4 ).
Projective Field
The projective field of each bipolar cell was characterized by the Gaussian curve fit to the distance dependence of the projection strength to all simultaneously recorded ganglion cells (e.g., Figure 2A ; Equation S3). The projective field diameter was measured as twice the SD of the Gaussian envelope ( Figures 2C and 2D) . A sign test and Kolmogorov-Smirnov test were used to compare the projective and receptive field profiles of the same cell types ( Figure 2C ) and those across different cell types ( Figure 2D ), respectively.
Projection Density
The projection density for a certain population of source and target neurons was defined as the fraction of cell pairs whose projection strength was significantly above the noise floor. The spatial extent of bipolar or amacrine projections was estimated by plotting the projection density as a function of distance (e.g., Figures 3B and 3F) . A c 2 test was used to compare the projection density across different cell types (Figure 6 ) or different conditions (Figures 4 and 7) . A sign test was used to examine whether projection strength changes by drug application (100 mM picrotoxin and 1.0 mM strychnine, Figures 4A-4C ; 100 mM meclofenamic acid, Figures 4D-4F ) or visual stimulation (full-field Gaussian random flicker, Figures 7A-7D ; randomly moving gratings excluding 1-mm-diameter circular area centered at the target bipolar cell; Figures  7E-7H) . A rank-sum test was used to examine whether the change in projection strength depends on visual contexts (Figure 7 ). 
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